A new Unitary ESPRIT-MUSIC algorithm for joint direction of departure (DOD) and direction of arrival (DOA) in bistatic MIMO radar is presented. The received data matrix is extended to a new matrix which is a centro-Hermitian matrix. A unitary transformation can be applied which converts a complex-valued matrix into a real-valued matrix by taking the advantage of the property of centroHermitian matrix. Then the DODs and DOAs are estimated by Unitary ESPRIT and Unitary Root-MUSIC, respectively. Compared with the combined ESPRIT-MUSIC method, the proposed method provides better performance and lower computational complexity. Some simulation results are presented to verify the efficiency of the proposed method. Keywords: MIMO radar, bistatic, Unitary ESPRIT-MUSIC, angle estimation Classification: Antennas and Propagation
Introduction
Multiple-input multiple-output (MIMO) radar utilizes multiple antennas to simultaneously transmit diverse waveforms and receive the reflected signals in similar ways [1] . Angel estimation is very important aspect in MIMO radar. In allusion to this problem, an ESPRIT algorithm is presented in [2] , which exploits the invariance property of both the transmit array and receive array to estimate DODs and DOAs. The DODs and DOAs are automatically paired. However, the received data of N (M − 1) and M (N − 1) elements is only used for DOD and DOA estimation, respectively, where M and N is the elements of transmit array and receive array, respectively, so it leads some loss of angle estimation performance. In [3] , a combined ESPRIT-MUSIC approach which uses the ESPRIT method to estimate the DOD and the Root-MUSIC method to estimate the DOA is presented, and the angle performance is improved. When both of transmit array and receive array is larger, the heavy computational complexity also is a key problem. In this letter, a novel combined Unitary ESPRIT-MUSIC algorithm for joint DOD and DOA estimation is presented, which has following advantages: (1) owing to deal with real-valued processing, it provides lower computational complexity than combined ESPRIT-MUSIC; (2) owing to the extended data matrix which contains double the number of data samples, it provides better angle estimation performance than combined ESPRIT-MUSIC, especially in low data samples; (3) the DODs and DOAs are automatically paired.
Problem formulation
Consider a narrowband bistatic radar system with M closely spaced transmit antennas and N closely spaced receive antennas, both of which are halfwavelength spaced uniform linear arrays and all the elements are omnidirectional. It is assumed that the Doppler frequencies have almost no effect on the orthogonality of the waveforms and the variety of the phase within repletion intervals. Assume that there are P uncorrelated targets, and the pth target located at (ϕ p , θ p ), where ϕ p denotes the direction of the pth target with respect to the transmit array (i.e. DOD) and θ p denotes the direction of the pth target with respect to the receive array (i.e. DOA). For the P uncorrelated targets are located at the same range bin, the output of the matched filters at the receiver can be written as [2, 3] x(t) = As(t) + n(t) ( 1 ) where
is the transmitreceive steering vector of the pth target, ⊗ denotes the Kronecker product, 
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We assume that the number of snapshots is L, and the received data matrix can be formulated as
The extended data matrix of the received data matrix is defined as
, where Γ k denotes the K × K exchange matrix with ones on its anti-diagonal and zeros elsewhere and (·) * denotes complex conjugate of matrix or vector. It has been improved that the extend data matrix Y is a centro-Hermitian matrix [4] . The complex-valued extended data matrix is transformed into real-valued matrix by using unitary transformation, which is written as
Where Y real is a real-valued data matrix which contains double the number of data samples, (·) H denotes the Hermitian transpose, U K is a unitary matrix which is defined as
and
According to equation (2), the ML estimation of the real-valued covariance matrix of Y real for 2L snapshots is written as R real = 1/(2L)Y real Y H real . Let E s be the MN ×P signal subspace matrix which is the eigenvectors corresponding to the P largest eigenvalues of R real . Let E n be the MN ×(MN −P ) noise subspace matrix which are the eigenvectors corresponding to the smallest eigenvalues of R real . After using unitary transformation, the relationship between real-valued transmit-receive steering vector and complex-valued transmit-receive steering vector is g p = U H MN a p , (1 ≤ p ≤ P ) [4] . The realvalued transmit-receive steering matrix can be defined as
The real-valued noise subspace E n is orthogonal to the real-valued transmitreceive steering vector [5] 
, which can be expressed as
According to expression (5), the DOD and DOA can be estimated separably in real-valued space. Firstly, we determine the DOD by using the Unitary ESPRIT. Define Due to the centrosymmetric array configuration of bistatic MIMO radar, the complex-valued shift invariance relation can be turned into the real-valued shift invariance relation [4] :
where 
According to each estimated transmit steering vector, by substituting the expression (7) in (5), a Unitary Root-MUSIC case is obtained. The receive steering vector a(θ) can be rewritten as
where z r = exp(jπ sin θ). For the estimated transmitter steering vector a(φ p ) of the pth target, the DOA of the pth target is equivalent to find the rootẑ p inside and closest to the unitary circle of the following polynomial
where
. Then the DOA of the pth target can be derived asθ p = arcsin( (ẑ p )/π), where (r) denotes the phase of r. Due to the pth DOA derived from the pth DOD, the DODs and DOAs are paired automatically. Up to now, we have proposed the Unitary ESPRIT-MUSIC algorithm for angle estimation in bistatic MIMO radar, and the same as to ESPRIT and ESPRIT-MUSIC method, the propsed method only can be used for the MIMO radar with uniform linear array. The maximum number of targets that can be identified by the proposed method is depend on the real-valued covariance matrix Y real and Eq. (6). Owing to all targets are uncorrelated, the rank of R real is MN. On the other hand, from the Eq. (6), it is indicated that the subarray corresponding to N (M − 1) virtual subarray elements is used to estimate DOD. Thus, the maximum number of targets that can be identified by the proposed method is N (M − 1).
Simulation results
Assume that the number of targets is known, and there exist P = 3 noncoherent targets located at angles (ϕ 1 , θ 1 DOAs of all three targets are paired correctly by our method. Fig. 2 shows the RMSE of angle estimation against SNR, where 200 Monte Carlo trials are used. It is showed that the proposed method has lower RMSE than ESPRIT and ESPRIT-MUSIC when the snapshots is L = 50. It also can be seen that the angle estimation performance of all methods are remarkably improved when the snapshots increases, and the proposed method also outperforms both ESPRIT and ESPRIT-MUSIC. We use the CPUTIME instruction in MATLAB to evaluate the computational complexity of the proposed algorithm and ESPRIT-MUSIC method. Fig. 4 shows the CPU time against the number of sensors M = N in MIMO radar, compared with ESPRIT-MUSIC. From the Fig. 4 , we can observe that the CPU time of the proposed method is much smaller than the ESPRIT-MUSIC algorithm.
Conclusion
A new combined Unitary ESPRIT-MUSIC algorithm with real-valued processing for angle estimation in bistatic MIMO radar is presented. This technique uses Unitary ESPRIT to estimate DODs and Unitary Root-MUSIC for DOA estimation. Simulation results verify that the proposed method has an automatic pairing and better angle estimation performance than ESPRI-MUSIC and ESPRIT. Furthermore, the proposed method is more computationally efficient than ESPRIT-MUSIC.
